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Abstract 

Introduction. The production of alloyed powder steels continues to be one of the most promising areas in domestic 
powder metallurgy. This is due to the high level of performance characteristics and the wide range of products that can 
be produced. Creating materials with desired properties is a complex process that involves various phenomena. One of 
these phenomena is the diffusion alloying of iron-based powder steels, which plays a special role in this process. The 
creation of alloyed powder steels in the Fe-NiO and Fe-Ni systems is important for metallurgy and metalworking, as 
they are used for coating and sintering to obtain materials with specific properties. In addition, the diffusion of nickel in 
iron during heat treatment is considered to improve material properties. Recent advances in the study of mutual 
diffusion are associated with the investigation of homogeneous systems. However, mutual diffusion even in single 
crystals always occurs under spatially inhomogeneous conditions. The modern literature has not sufficiently studied the 
mutual diffusion in two- and multi-component powder systems. Therefore, the aim of this work is to determine the 
effect of diffusion alloying with nickel and nickel oxide of iron-based powder steel on the processes of obtaining 
powder materials. Within the framework of this goal, the following tasks were set: to investigate the diffusion processes 
of interactions between pairs in the Fe-NiO and Fe-Ni systems, as well as to study technological modes of sintering and 
reducing annealing of samples in order to achieve maximum mechanical properties that would ensure the formation of a 
high-quality product. 

Materials and Methods. The work used iron powder of the PZHRV 2.200.26 brand manufactured by PJSC Severstal 
(Cherepovet) and carbonyl nickel powder PNK-UT3, obtained by the electrolytic method or splitting nickel salt with an 
aqueous solution, according to GOST 97922-97. Before use, the powders were tested using a universal laser particle 
size measuring device model FRITSCH ANALYSETTE 22 MicroTecplus and a Beckman COULTER No. 5 submicron 
particle analyzer. A two-cone mixer RT-NMOS5S (Taiwan) was used to prepare the charge. Pressing was carried out on a 
hydraulic press model TS0500-6 (China) in laboratory molds. Samples were obtained by pressing pre-hardened 3 mm 
diameter powder pins into a carbonyl nickel or NiO charge with a dispersion of 5—10 microns. Recovery annealing was 
carried out in a SNOL 6.7/1300 laboratory muffle furnace at 700°C, followed by annealing-sintering at temperatures of 
1,050, 1,150 and 1,250°C in a hydrogen atmosphere for 9 hours. 

Microstructural analysis was performed using a NEOPHOT-21 optical microscope. A Hitachi S-3400N scanning 
electron microscope was used to study the fine structure of the material. The distribution of element concentrations in 
the Fe-Ni diffusion zone was studied by local X-ray spectral analysis using the Kamebaks installation. 

Results. The studies showed that the porosity of the powder component after pressing was 12%. Diffusion 
in the iron-nickel powder system was 5—10 times higher when using carbonyl nickel compared to oxide. It was also 
found that high diffusion rates of reduced nickel led to faster and more uniform penetration of alloying elements into the 
material. The dependences of the distribution of nickel concentration and its oxide content after sintering were 
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determined, as well as the indicators of diffusion interaction between iron, nickel, and nickel oxide during annealing, 
where nickel oxide was reduced and sintering occurred at different temperatures. 

Discussion and Conclusion. The analysis of the results obtained indicates a different intensity of diffusion processes in 
powder-alloyed steels. This can be explained by both the distortion of the crystal lattice of the starting materials and the 
increased segregation of defects, such as defective zones, that are formed during compaction of the material. This 
approach to studying two-component diffusion allowed us to compare the intensity of element diffusion redistribution 
depending on chemical composition and temperature, and to estimate the effective activation energy of diffusion. As a 
result of our studies, we have established quantitative parameters for the distribution of nickel concentration in the iron 
matrix, depending on sintering temperature, which affects the formation of high-quality materials. The research results 
obtained are of interest to specialists in powder metallurgy and heat treatment, as they can be used in the development 
of new multicomponent alloys. 


Keywords: powder steels, nickel oxide, nickel, diffusion, structure formation, sintering, splicing, contact section, 
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AHHOTauna 

Beedenue. Tipov3BoctTBo serupoOBaHHbIX MOPOWKOBBIX CTaleH OCTaeTCA OJHUM V3 TepcieKTHBHbIX HallpaBleHuli 
OTCYECTBEHHOM MOPOWIKOBOM MeTaJIyprHu, YTO OOBACHAeCTCA BbICOKHM YPOBHEM 9KCIIyaTalHOHHbIX CBOMCTB HU 
IIMpoKOH HOMeHKaTypow Wosry4yaeMbIx w3qerHi. DopmupoBaHve TaKHxX MaTepHasloB c TpeOyeMbIMH CBOLCTBaMH 
ABJIACTCA CIIOXKHBIM IPOWeCCOM, COMPOBOXKAAaIOMIMMCA MHOTOOOpa3HbIMH ABJICHHAMH, OCOOVE MECTO Cpe KOTOPBIX 
3aHuMaeT updpy3HoHHoOe JIeTHpoBaHHe >%xee3HOM OCHOBbI MOPOUWIKOBbIX cTaIeH. Co3yqaHue JIerHpoBaHHBIx 
MOPOWKOBBIX CTajIeH B cucteme Fe-NiO nu Fe-Ni uMeeT BaxkHoe 3Ha4eHHe B MeTAJWIypruu H MeTaINO0OpaboTKe pu 
TipolleccaxX HaHeCCHHA MOKPBITHM HM CieKAaHHA [JIA MOyYeHHA MaTepvasioB Cc TpeOyeMbIMH cBOlicTBamu. B mporecce 
TepMuYecKOH OOpaooTKH AIA yIYYWIeHHA CBOMCTB MaTepHasIOB paccMaTpHBaeTca HU WudPpy3HOHHOe B3aHMOeHCTBHE 
HUKeIA B x%Keese. B mocneqHee BpeMaA yclexH B W3yYeHHH B3aMHOM AMpPy3uH cBA3aHbI C MCCIeOBAaHHeM 
OJHOPOAHBIX CHCTeM. O7HaKO B3aHMHast Wupdpy3ud Wake B MOHOKpHCTasiax BCera MpoTeKaeT B IIpOCTpaHcTBeHHO- 
HeOJHOPOHBIX YCIOBHAX. B coBpeMeHHOH MTepaType HeAOcTaTOYHO UcceqOBaHa B3aHMHad DMpPy3HA B BYX- HU 
MHOTOKOMIOHEHTHBIX IOPOLIKOBBIX cHcTemax. IlosTomy wWelbio padoTb! ABIAeTCA olpeyereHHe BIMAHHA 
Guddy3HoHHOro JIerHpoBaHHA HUKeJICEM HM OKCHJOM HUKeJIA MOPOWKOBOM CTaIH Ha OCHOBe 2KesIe3a Ha MpOLeccel 
TIOYYeHHA TMOPOWKOBBIX MaTepvasioB. B pamKax oOo3HayeHHOM WesIH MOcTaBHIM 3afa4H4 — UCCiIeLOBaTb 
Tuddy3HoHHble Mporeccbl B3aMMOJelcTBUA Tap B cucTeme Fe-NiO u Fe-Ni, TexHomormueckHe pexKHMBI clieKkaHHA V1 
BOCCTAHOBHTCJIBHBIM OTKHT OOpa3OB IA JOCTWMKEHHA MaKCHMaJIBHbIX MCXAHHYeECKHX XapaKTePHCTHK, KOTOpBIe ObI 
oOecneunBau (OpMupoBaHHe KayecTBeHHOrO MaTepuasia. 

Mamepuanoi u memoooi. B padote ucnonb30Balica 2KeMe3HbIM TOpowoK MapKu IDKPB 2.200.26 npousBoyctBa ITAO 
«CeBepctaib» (r. Gepenopell) H KapOOHWIbHEIM MopomioK HuKeneBEiit ITHK-YT3 [OCT 97922-97, nomyuaempiit 
QIEKTPOJIMTH4YCCKMM MeTOJOM WIM TWyTeM paciilelvieHHa HUKeeBOH COM BOJHbIM pacTBopoM. Ilepey 
HCIOJIb30BaHHeM MOPOLIKH MpOXOAWIM KOHTpOJIb Ha YHHUBepCasIbHOM J1a3epHOM TIpHOope H3MepeHHA pasMepa YacTHI 
Moyemu FRITSCH ANALYSETTE 22 MicroTecplus u ananu3atope cyOMMKpoHHBIx YacTun Beckman COULTER NéeS. 
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Jia IpHroTOBIeHHA WIHXTbI HCHOUb30BaIM JBYXKOHYCHBIM CMecuTelb MapKH RT-NMOS5S (Taiisaus). [peccoBpanue 
OCYIJeCCTBIIAIOCh Ha rufpaBsIM4ecKoM Ipecce Mogemm TS0500-6 (Kuraii) B naOopatTopHErx mpecc-opmax. Odpa3iibI 
TIOYYAIN 3alIpeCCOBKOM 3apaHee yIIPOUHeHHOrO MOPOWKOBOTO WITH*Ta 6 3 MM B WIMXTy KapOOHHJIbHOrTO HUKeJIA WI 
NiO c gucnepcHoctsro 5—10 Mk. BoccTaHoBHTeIbHbIM OMKUT OOpa3I[OB OCyIeCcTBIAIH B MydeuIbHOM JabopaTopHol 
mean SNOL 6,7/1300 upu temnepatype 700 °C u omxur-cnexanue upu | 050, 1 150, 1 250 °C B armocdepe Boyopona 
B TeyeHHe 9 yacos. 

@MuKcHpOBaHHe MHKPOCTPYKTYPbI BBIMOJHAIOCh Ha ONTHYeCKOM MuKpocKonle «NEOPHOT-21». Toxukoe ctpoeHne 
CTPyKTypbI W3y4asIM Ha CKaHHpyrOIeM 3IeKTPOHHOM MuKpockore Hitachi S-3400N. PacnpenemeHue KOHIeHTpalMu 
3JIEMCHTOB B AHPPy3HOHHOM 30He Fe-Ni u3y4aH MeTOOM JIOKaJIbHOrO PeHTTeHOCIeKTpayIbHOrO aHaiu3a Ha 
ycTaHoBKe «KameOako». 

Pesynemamoei uccnedoeanua. WopuctoctTs MOpouiKOBOrO KOMIOHeHTa Tocye mpeccoBanusa coctraBana 12 %. Tapdy3ua B 
CHCTeMe 2KeJIe30-IIOPOWOK HUKesIA, BOCCTAHOBJICHHOM 3 OKcHya, B 5—10 pa3 BbIlle, YeM Mp HCHOb30BaHHM NOpouiKa 
KapOOHMJIbHOrO HUKesIA. YCTaHOBJICHO, YTO BbICOKad CKOPOCTS AMddy3HH BOCCTaHOBJICHHOrO HUKCJIA MIPHBOAHT K Oostee 
ObICTpOMy H paBHOMepHOMy TIPOHHKHOBeHHIO JIerHpy!OWJHX 3ICMCHTOB B MaTepHay. OnpeyeyeHbl 3aBHCHMOocTH 
pactipeyeeHua KOHICHTpallui HUKeIA HW ero OKCH a Mocue CieKaHHA, a TakoKe PacCuMTAaHb! NoKa3zaTemM Wudpdy3HoHHoro 
B3aHMOJeHCTBUA M@ KY %Kele30M, HHKeJIEM HM OKCHOM HUMKeJIA TOce Olepaluu OMKHTa, pH KOTOPOM MpovcxoyuT 
BOCCTAHOBJICHHe OKC a HUKEIIA HW CiieKaHHe TIpH pa3/IM4HbIX TeMiMepatTypax. 

O6cystcdenue u 3aKmiouenue. AxHasM3 TOYYCHHBIX Pe3yIbTaTOB CBHJeTeIBCTByeT O pa3/IMYHOM MHTeCHCHBHOCTU 
udPy3HOHHEIX TpOeccoOB B MOPOUIKOBBIX JICTMpOBaHHBIX cCTasax. OObacHAeTCA 9TO KaK UCKaKCHHOCTBIO 
KPHCTaWIM4eCKOH pellieTKH HCXOHBIX MaTepHayioB, TaK HM yBeJIMYeHHOM cerperalueri WedeKToB (cosep»xKaHHeM 
WjeCKTHBIX 30H), KOTOpble OOpa3yIoTcaA B Tpolecce ymoTHeHHA MaTepvana. JJaHHbI MOAXo K MCcIeqOBaHHIO 
J{BYXKOMIOHEHTHOM WHPPy3HH MOSBOMMII COMOCTABHTb MHTCHCHBHOCTH AMdpy3HOHHOrO MepepaciipeyeseHHA 3IEMCHTOB 
B 3aBHCHMOCTH OT XHMMYeCKOrO COcCTaBa HM TeMIIepaTypbl, a TakKxKe OWeCHHTb 93PdPeKTHBHY!O 9HEpPrHio aKTUBalHH 
Tupdpy3nu. B pe3sybTaTe BbINOHeHHBIX UCCICOBaHMM yCTaHOBJICHbI KOJIM4eCTBeHHbIe TapaMeTpbl paciipeyeueHHa 
KOHUeHTpayun Ni B 2Keyle3HyIO OCHOBY B 3aBHCHMOCTH OT TeMIepaTypbl ClieKaHHA, BIMAIOWMe Ha PopMupoBaHHe 
KayeCTBeHHOrO Matepnasa. TlomyueHHble pe3yIbTaTbI HCCIeOBAHHM MHTepecHbl CielMasIMcTaM B OOMACTH MOPOLIKOBOH 
MeTaJUIYpruu HW TepMHYecKoN OOpaooTKH MIpu pa3spaOoTKe HOBBIX MHOTOKOMMOHECHTHBIX CIIaBOB. 


Konrouesble CJI0Ba: TIOPOIWKOBbIe CTaIH, OKCH], HUKCJIA, HUKCIIb, muodboy3ua, CTpykTpooOpa30BaHue, cileKaHhe, 
CpalqHvBaHHe, KOHTAKTHOC CedeHHe, MCXaHHdecKHe CBOMCTBa 


BaarojapnHoctu. 3a MOMOl[b B OsyYeHHH UW OOCYKZCHHMH pe3yJIbTaTOB aBTOPbI BbIPaKalOT MCKPCHHIOIO 
IIPH3HaTCJIbHOCTh coTpyqHuKaM Kadenzppr HATY MMCHC «IIMu®@Il» u smyno B.IO. Jlonatuny; coTpyqHuKam 
Kkadezppr «MatepuvanopeyeHie uM TexHosorMu MetamioB» JITTY: a.7.H., mpodeccopy B.H. Iycrosoiity, 7.1.H., 
mpodeccopy 1O.M. JlomOposckomy; coTpyqHuKam xKadegppr «TexHouorua MallIMHOCTpoeHus, TexHosOrMueckHe 
MallIHHbI H OOopyzoBaHve» FOPI'TY (HIT) umenu M.A. Inatosa u mm4no B.FO. Jlopodecsy. 
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Introduction. The performance characteristics of the material, both in its compact and powder forms, are primarily 
determined by its chemical composition and structural state [1, 2]. Depending on the purpose, specific requirements are 
imposed on the microstructure [3]. The formation of a specific structure of powder steel during sintering also depends 
on the processes that occur during sintering and subsequent heat treatment [4]. Many factors influence the process of 
structure formation in powder materials [5]. According to [6], the main factors are the methods of their production, 
granulometric composition, compacting pressure, sintering medium and time, temperature of deformation action. The 
introduction of alloying elements that affect the processes in the surface layers of particles during solid-phase sintering, 
and additives forming the liquid phase, is the most effective way to increase the level of operational properties [7]. Each 
of the factors has its advantages and disadvantages. 

Powder alloyed steels have a high level of performance properties. They are characterized by a homogeneous 
structure and a homogeneous distribution of alloying elements throughout the steel structure [8]. When impregnated 
with liquid metals, for example, when using the cementation or carbonitration process, the alloying elements are 
absorbed by the surface layers of the material. This may lead to the formation of a surface layer with a high 
concentration of alloying elements, but deeper layers may be less saturated. Therefore, in such cases, impregnation with 
liquid metals is most effective for creating a surface layer with the desired properties [9]. Diffusion saturation can also 
lead to an uneven distribution of alloying elements. Diffusion can be limited only by surface layers of the material or 
internal defects, which limits the uniformity of saturation over the entire volume of the part. The choice of alloying 
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method depends on the purpose, required properties, size and shape of the part, available resources and other factors. It 
is important to carefully consider all these factors when selecting a method to ensure optimal results. 

The method of introducing nickel into powder structural steels in the form of additives of dispersed nickel oxides 
has proven itself well [10]. The recovery annealing of an iron-based charge with NiO particles evenly distributed in it 
leads to the recovery and fixation of the reduced nickel particles on iron particles by surface and grain boundary 
diffusion. The use of such a partially alloyed powder makes it possible to obtain parts with a homogeneous structure 
and a high complex of mechanical properties at a lower temperature. Activation of homogenization process of powder 
steels using oxides of alloying elements in the literature is explained only at a qualitative level [11]. Therefore, the aim 
of this work was to study the processes of diffusion interaction in Fe-Ni and Fe-NiO systems to determine the 
quantitative parameters of diffusion in them. The main task within the framework of this goal was to study the influence 
of technological modes of sintering and diffusion annealing during diffusion interaction in a system of Fe-Ni and Fe- 
NiO pairs on the formation of high-quality powder steel. 

Materials and Methods. In the work, powder PZHRV 2.200.26, produced by Severstal PJSC (Cherepovets) and 
nickel carbonyl powder PNK-UT3 GOST 97922-97, obtained by electrolytic method or by splitting nickel salt with an 
aqueous solution, were used [12]. Data on the total chemical composition are presented in Table 1. 


Table 1 
Chemical composition of PZHRV 2.200.26 powder 


Mass content of components, % 


Powder grade 
pets Tepo[=je[s[m™ [ry s 


PZHRV 2.200.26 Peace | 0.090 | 0.140 Ls =] 0.014 0.087 0.012 0.005 


Technological properties of PZHRV 2.200.26 powder: bulk density — from 2.4 to 3.0 g/cm; fluidity — no more 
than 37 sec/50 g; density at P=700 MPa — 7.0-7.05 g/cm?; strength at a density of 6.5 g/cm? — more than 
14N/mm?. The analog is powders from the Swedish company Héganis: AHC 100.29, NC 100.24, SC 100.26, 
ASC100.29. Scope of application: shock absorption group parts, transmission parts, body parts, gears, connecting 
rods, couplings, bushings, etc. Main qualities of PNK-UT3 nickel powder include high corrosion resistance and 
resistance to aggressive environments. 

Powder compositions are characterized by a high intensity of boundary and surface processes, which, during 
diffusion, can lead to an intensification of mass transfer [13]. The regularity of the structure formation of powder 
materials has been studied. The processes of diffusion interaction of alloying components were modeled using the 
diffusion pair method [14]. 

Granulometric composition of PZHRV 2.200.26 iron powder was determined using a universal laser particle size 
measuring device of a FRITSCH ANALYSETTE 22 MicroTecplus model (Germany) and a Beckman COULTER 
submicron particle analyzer No. 5 (USA). 

Diffusion processes were considered on model pairs of powders of the grades PZHRV 2.200.26 (powder) — Ni (carbonyl); 
PZHRV 2.200.26 (powder) — NiO, which were manufactured by pressing a rod from the PZHRV 2.200.26 material with a 
diameter of 3 mm into a powder of carbonyl Ni or NiO with a dispersion of S—10 microns. Recovery annealing of steam samples 
was performed at a temperature of 700°C and annealing-sintering at 1,050°C, 1,150°C, and 1,250°C in a hydrogen atmosphere 
for 9 hours [15]. 

Fe-Ni pair refers to systems with unlimited solubility of components. Iron and nickel at the temperature of diffusion 
annealing possess FCC lattices with similar parameters and form solid substitution solutions. Upon cooling, iron alloys 
containing less than 6% of nickel recrystallize into a ferritic phase with a BCC lattice. Metallographic studies were 
carried out after annealing with preliminary preparation of the sections in a plane perpendicular to the initial boundary 
between the components of the pair. 

The distribution of concentration of elements in the Fe-Ni diffusion zone was studied by local X-ray spectral 
analysis at a Camebax installation manufactured by Cameca (France). The survey was carried out in the plane of the 
section in the direction perpendicular to the initial boundary between the components of the pair (along the axis of the 
primary cylindrical iron sample). Four concentration curves of distribution of relative intensities of Ka; line of iron and 
nickel were recorded from each section along the cross section of the diffusion zone in increments of 1 um. The nickel 
and iron contents were determined at each point of the concentration curve under study. The formation of the diffusion 
zone increased 1.6—2.2 times due to the presence of nickel oxide paired with iron compared to pure nickel [16]. The 
coefficients of mutual diffusion D during sintering in the ranges of 1,050°C—1,250°C were determined depending on 
the content of alloying elements [17, 18]. 
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Microstructure was fixed using an optical microscope “NEOPHOT-21” by Carl Zeiss Jena (Germany). The fine 


structure of the sample was studied using a Hitachi S-3400N scanning electron microscope (Taiwan). 
The calculations were performed using mathematical methods based on the Matano method [16]. 


Results. The porosity of the powder component after pressing was 12%. Granulometric composition of 
PZHRV 2.200.26 iron powder was determined on the histogram: there was a single peak indicating that the powder was 


monofractive (Fig. 1). The average particle size was 98.5 microns. The results are presented in Table 2. 
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Fig. 1. Granulometric composition of PZHRV 2.200.26 iron powder 
Table 2 
Granulometric composition of PZHRV 2.200.26 iron powder 
Quantitative share, % 5 10 25 50 75 90 95 99 
Dimension, microns 26.5 37.0 60.7 98.5 149.8 206.4 244.0 317.4 
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Figures 2 a and b present a general view of the iron powder of the PZHRV 2.200.28 grade. Figures2c,d,efg,h 
show the morphology of iron powder particles obtained using a Hitachi S-3400N scanning electron microscope. 
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Fig. 2. SEM image of PZHRV 2.200.28 iron powder shooting in: 
a, c, e, g —reflected electrons; b, d, f, h — in secondary electrons 
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The structure of the diffusion zones consisted of ferritic and austenitic phases separated by a boundary. At a 
sintering temperature of 1,050°C, a porous austenitic phase was observed (especially in samples containing NiO oxide), 
due to high negative volumetric effects during the recovery of NiO. Sintering led to more intensive compaction when 
the temperature rose to 1,150°C and 1,250°C. Intensification was observed in samples reduced from Ni oxide. A 
significant increase in the volumetric fluidity of the material after the recovery of nickel oxide particles was explained 
by increased structural unevenness and incorrect arrangement of dislocations, in comparison with the structure of a 
powder material with nickel particles. The latter were characterized by a uniform arrangement of dislocations, which 
were less susceptible to annihilation during pre-annealing. The recovery of nickel oxide was accompanied by movement 
of the interparticle surface of the fusion, which led to the formation of a defective structure. In the process of NiO 
recovery, a complicated structure was formed in the volume of the migrating NiO-Ni boundary due to disoriented 
dislocations that did not disappear even at high sintering temperatures (Fig. 3). 
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Fig. 3. Microstructures of an alloy made of PZHRV 2.200.26 powder 


when Ni was introduced into the initial charge in the amount of: 
a, b— 20%; c, d— 40% at a sintering temperature of 1,150°C 


The diffusion of nickel into powdered iron was most active along grain boundaries with a deviation deep into the 
grain. This was due to the lower activation energy of the grain boundary diffusion process compared to the bulk one. 
The high diffusion permeability of grain boundaries was due to their defective structure. The predominant dissolution of 
nickel along the boundaries of iron grains was more pronounced at a low sintering temperature (1,050°C), when 
volumetric diffusion was difficult (Fig. 4, 5). 


Egorov MS, et al. Diffusion Processes in the Formation of the Structure of Alloyed Powder Steels 


Ni, % (wt) 
80 
60 
40 


20 ¥. 


PR 

| cx a 
<=. 

320 360 x, Wm 


Fig. 4. Distribution of Ni concentration in the diffusion zone of Fe-Ni pairs (solid line 1, 2, 3) and Fe-NiO (dotted line 1 a, 2 a, 3 a) 


after sintering in a hydrogen atmosphere at temperatures: 
1, 1 a— 1,050°C; 2, 2 a— 1,150°C; 3, 3 a— 1,250°C 


D:10, m?/s 
1074 


10" 


D-10°?, m?/s . pany 
ae ae 


10" 


0 20 40 60 80 Ni, % (wt) 


D-10°?, m/s -o- —? 
—_— a 
10°28 


0 20 40 60 80 Ni, % (wt) 
co) 


Fig. 5. Dependencies of the coefficients of mutual diffusion of Fe-Ni (line 1 
and Fe-Ni (line 2) after annealing and sintering at temperatures: 
a — 1,050°C; b — 1,150°C; ¢ — 1,250°C 
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On all curves, the mutual diffusion coefficient had a maximum at a nickel concentration of more than 60%. These 
data coincided with the results of the work in which the coefficients of mutual diffusion were analyzed by finite element 
modeling of a simple model. At sintering temperatures of 1,050°C and 1,150°C in this concentration range, the mutual 
diffusion coefficient in the Fe-NiO pair was about 10 times higher than in the Fe-Ni pair [19]. With an increase in the 
sintering temperature to 1,250°C, this difference existed throughout the concentration range, which was also confirmed 
by the results of [18] and was shown in Figure 6. 

Active diffusion energy E and pre-exponential multiplier Dy were determined based on the temperature 
dependencies of the mutual diffusion coefficients in accordance with the Arrhenius formula [6]: 


= E 
D= Dy aps (1) 


The diffusion energy in all the cases considered was found to be lower than the values reported in the literature for 
compact materials [19]. 
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Fig. 6. Temperature dependencies of mutual diffusion coefficients: 
a — Fe-Ni systems; b — Fe-Ni systems on NiO concentration: 
1 — 90%; 2 — 80%; 3 — 70%; 4 — 50%; 
5 — 40%; 6 — 30%; 7 — 20%; 8 — 10% 


The porosity and structural activity of the nickel powder component influenced the increase in the processes of 
surface and grain boundary diffusion, which were realized by mechanisms with low activation energies, as well as 
diffusion by defects. The activation energy (Fig. 7) and the pre-exponential multiplier had a minimum in the 
concentration range of 50-70% Ni (Fig. 8). E values were suitable for Fe-NiO and NiO systems. Pre-exponential 
multiplier Do in the Fe-NiO system was significantly greater than in the iron-nickel system, and increased the 


coefficient of mutual diffusion of elements during recovery annealing and sintering. Under thermomechanical action, as 
well as during the diffusion of carbon into the iron crystal lattice, the interparticle surface of the fusion was displaced, 
which could serve as the beginning of crack development [19]. This was due to an increased defect in the nickel 
structure after recovery, which was confirmed by X-ray analysis data [19]. The dislocation density of nickel powder 
recovered from oxide at a temperature of 700°C was 1.8-1,010. For carbonyl nickel it was 1.0-108 cm”. 
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Fig. 7. Activation energy of mutual diffusion E in Fe-Ni systems (dotted line) and Fe-NiO systems (solid line) 
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Fig. 8. Pre-exponential multiplier Do (m7/s) in Fe-Ni (dotted line) and Fe-Ni (solid line) systems 


Discussion and Conclusion. The process of diffusion annealing of samples obtained from PZHRV 2.200.26 iron powder 
is accompanied by the so-called “Frenkel effect”, when atoms, ions or defects in a crystalline material can move or diffuse at 
elevated temperatures. During diffusion annealing, diffusion and recombination of defects such as vacancies (absence of an 
atom in the crystal lattice) and vacancy defects (atoms in the wrong places in the crystal lattice) are possible. As a result, the 
crystal can transform or get rid of these defects. When a vacancy and a vacancy defect are in close proximity, a Frenkel pair is 
formed. These pairs can move through the crystal via diffusion. If a Frenkel pair comes into contact with one of the vacancies, 
it can eliminate two defects and thereby purify the crystal of defects. 

During the sintering process of alloyed powder steel, atoms diffuse between the powder particles, forming bonds at 
the interface. The diffusion of alloying elements in the powder steel leads to the formation of intermetallic compounds, 
as well as the creation of dispersed and basic phases. These diffusion processes can be accelerated by increasing the 
sintering temperature. 

As a result of the studies performed, the quantitative parameters of Ni concentration distribution in the iron base 
were determined depending on the sintering temperature. The minimum distance over which nickel is distributed is 
70 microns at a sintering temperature of 1,050°C. When sintered at 1,250°C, the distribution zone of pure nickel 
increases to 165 microns. However, when using nickel oxide, this zone increases above 360 microns at the same 
temperature. This indicates that the diffusion in a system with nickel powder recovered from oxide is 5—10 times higher 
than when carbonyl] nickel powder is used. This may be important in the processes of alloying or saturating materials. 
The high rate of diffusion of recovered nickel can lead to faster and more uniform penetration of alloying elements into 
the material. This can be useful when creating a surface layer with certain properties or increasing the strength and other 
mechanical properties of the material. 

The analysis of the results obtained indicates a different intensity of diffusion processes in powder alloyed steels. 
This is associated not only with the distortion of the crystal lattice of the starting materials, but also with an increased 
concentration of defects formed during the pressing of blanks. An understanding of diffusion processes and their 
influence on the formation of the structure of alloyed powder steels makes it possible to optimize sintering processes 
and obtain materials with desired properties and microstructure. Thus, the choice between nickel powder recovered 
from oxide and carbonyl nickel powder should be based on specific requirements and process conditions. Further 
research and experimentation can help to fully explore the potential of these options and determine the most effective 
approach for a given application. 


References 

1. Gasanov BG, Zherditsky NT, Sirotin PV, Juhanaev AM. Homogenization of Medium Alloy Powder Steel. Bulletin 
of Higher Educational Institutions. North Caucasus region. Technical Sciences. 2013;(3(172)):25—28. (In Russ.). 

2. Shorshorov MKh, Gvozdev AE, Zolotukhin VI, Sergeev AN, Kalinin AA, Breki AD, etal. Development 
of Advanced Technologies for the Production and Processing of Metals, Alloys, powder and Composite Nanomaterials. 
Tula: Tula State University; 2016. 235 p. (In Russ.). 

3. Petrosyan HS, Galstyan LZ. Peculiarities of Heat Treatment of the 40XH — Grade Powder Steels with Improved 
Properties. Proceedings of NPUA. Metallurgy, Material Science, Mining Engineering 2017;(2):40-48. (In Russ.). 

4. Dorofeev VYu, Sviridova AN, Berezhnoi YuM, Bessarabov EN, KochkarovaKhS. Tamadaev VG. Features 
of Heattreatment of Microalloyed Hot-Deformed Powder Steels. In: Proceedings of the 12th International Symposium “Powder 
Metallurgy: Surface Engineering, New Powder Composite Materials. Welding”. Minsk, April 07-09, 2021. In 2 parts. Part 1. 
Minsk: Respublikanskoe unitarnoe predpriyatie “Izdatel'skii dom “Belorusskaya nauka”; 2021. P. 184-197. (In Russ.). 

5. Vityaz PA, Ilyuschenko AF, Savich VV. Powder Metallurgy in Belarus and Global Development Trends. Powder 
Metallurgy and Functional Coatings. 2019;(1):98—106. https://doi.org/10.17073/1997-308X-2019-1-98-106 (In Russ.). 

6. Gurevich YuG, Antsiferov VN, Savinykh LM, OgleznevaSA, Bulanov VYa. Wear-Resistant Composite 
Materials. Yekaterinburg: Ural Branch of the Russian Academy of Sciences; 2005. 216 p. (In Russ.). 


Chemical Technologies, Materials Sciences, Metallurgy 


87 


https://bps-journal.ru 


88 


Safety of Technogenic and Natural Systems. 2024;8(2):78-89. eISSN 2541-9129 


7. Skorikov AV, Klimov YuE, Ulyanovskaya EV. Kinetics of Diffusion Layers the Plating of Powder Steels 
in Molten Salt With Heating by High-Frequency Currents. Bulletin of Higher Educational Institutions. North Caucasus 
region. Technical Sciences. 2014;(2(177)):7881. URL: _ https://cyberleninka.ru/article/n/kinetika-formirovaniya- 
diffuzionnyh-sloev-pri-hromirovanii-poroshkovyh-staley-v-rasplavah-soley-s-nagrevom-tokami-vysokoy-chastoty/viewer 
(accessed: 01.03.2024) (In Russ.). 

8. Dyachkova LN. Features of the Formation of the Structure and Properties of Powder Steels with Additives that 
Activate Diffusion Processes during Sintering. Proceedings of the National Academy of Sciences of Belarus. Physical- 
technical series. 2020;65(1):43—53. https://doi.org/10.29235/1561-8358-2020-65-1-43-53 (In Russ.). 

9. Skorikov AV, Ulyanovskaya EV. Kinetics of the Formation of Diffusion Layers during Surface Chromium 
Alloying of Powder Steels by Electrolysis of Ionic Melts of Salts. In: Proceedings of the III International Scientific and 
Technical conference “Prom-Engineering”, St. Petersburg-Chelyabinsk-Novocherkassk-Vladivostok, May 16-19, 2017. 
Chelyabinsk: SUSU Publishing Center; 2017. P. 94-97. (In Russ.). 

10. Gasanov BG, Efimov AD, Yukhanaev AM. Phenomenology of Mutual Diffusion in Interlayer Zones during 
Porous Bimetal Materials Sintering. Bulletin of Higher Educational Institutions. North Caucasus region. Technical 
Sciences. 2013;(5(174)):26-29. URL: https://cyberleninka.ru/article/n/fenomenologiya-vzaimnoy-diffuzii-v- 
mezhsloynyh-zonah-pri-spekanii-poroshkovyh-bimetallicheskih-materialov/viewer (accessed: 01.03.2024) (In Russ.). 

11. Rojek J, Nosewicz S, Mazdziarz M, Kowalczyk P, Wawrzyk K, Lumelskyj D. Modeling of a Sintering Process 
at Various Scales. Procedia Engineering. 2017;177:263-270. https://doi.org/10.1016/J.PROENG.2017.02.210 

12. Egorov MS, Egorova RV. Development of Interparticle Bonding during Sintering of Metal Powders with the Addition of 
Carbon. Safety of Technogenic and Natural Systems. 2023;(3):55-65. https://doi.org/10.23947/2541-9129-2023-7-3-55-65 

13. Mikheev AA, Zeer GM, Koroleva YuP, Zelenkova EG, Sartpaeva AB. Formation of the Microstructure and 
Transition Zone during Diffusion Welding of Steel45 Through a Powder Layer. Svarochnoe_ proizvodstvo. 
2015;(9):18—21. (In Russ.). 

14. Dorofeyev VYu, Sviridova AN, Svistun LI. The Effect of Sodium Microalloying on the Rolling Contact Fatigue 
and Mechanical Properties of Hot-Deformed Powder Steels. Powder Metallurgy and Functional Coatings. 
2019;(4):4—13. https://doi.org/10.17073/1997-308X-2019-4-4-13 (In Russ.). 

15. Bulanov VYa, Krashaninin VA, Oglezneva SA. On Process of Alloying Element Homogenization in the Fe-Mo, 
Fe-Cu, Fe-Cr, Fe-Ni Nanosystems Depending on Temperature and Sintering Time. Powder Metallurgy and Functional 
Coatings. 2008;(2):50—55. (In Russ.). 

16. Gilardi R, Alzati L, Oro R., Hryha E, Nyborg L, Berg S, et al. Reactivity of Carbon Based Materials forPowder 
Metallurgy Parts and Hard Metal Powders Manufacturing. Journal of the Japan Society of Powder and Powder 
Metallurgy. 2016;63(7):548-554. https://doi.org/10.2497/JISPM.63.548 

17. Gorokhov VM, Guchek VN, Tarusov IN. Structure and Properties of Powdered Low-Alloy Steels Made from 
Mixtures Containing Oxides of Alloying Elements by Pressing and Sintering. In book: Poroshkovaya metallurgiya. 
Minsk: Respublikanskoe unitarnoe predpriyatie “Izdatel'skii dom “Belorusskaya nauka”; 2019. P. 5—18. (In Russ.). 

18. Egorov MS, Egorova RV, Kovtun MV. Influence of Carbon Content on the Formation of a Contact Interparticle 
Surface during Hot Post-Pressing. Safety of Technogenic and Natural Systems.  2023;(2):90-101. 
https://doi.org/10.23947/2541-9129-2023-7-2-90-101 

19. Dorofeyev VYu, Sviridova AN, Samoilov VA. Formation of Structure and Properties of Hot-Deformed Powder 
Steels Microalloyed with Sodium and Calcium in the Process of Thermal and Thermomechanical Treatment. Russian 
Journal of Non-Ferrous Metals. 2021;62(6):723-731 https://doi.org/10.3 103/S106782 1221060080 


About the Authors: 

Maxim S. Egorov, Cand.Sci. (Eng.), Associate Professor, Head of the Materials Science and Metal Technology 
Department, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), SPIN-code: 2126-1642, 
ScopusID, ORCID, aquavdonsk@mail.ru 


Rimma V. Egorova, Cand.Sci. (Eng.), Associate Professor of the Cybersecurity Department, Don State 
Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), SPIN-code: 8182-6940, ORCID, 


rimmaruminskaya@gmail.com 


Zhanna V. Eremeeva, Dr.Sci. (Eng.), Professor of the Powder Metallurgy and Functional Coatings Department, 
National University of Science and Technology MISiS (4, Leninsky Ave., building 1, Moscow, 119049, RF) 
SPIN-code: 8182-6940, ScopusID, ResearcherID, ORCID, eremeeva-shanna@yandex.ru 


Egorov MS, et al. Diffusion Processes in the Formation of the Structure of Alloyed Powder Steels 


Claimed Contributorship: 
MS Egorov: formulation of the basic concept, goals and objectives of the study, calculations, preparation of the text, 


formulation of the conclusions; 
RV Egorova: academic advising, analysis of the research results, revision of the text, correction of the conclusions; 
ZhV Eremeeva: preparation of samples for research on a scanning microscope, analysis of microstructure results and 
construction of mathematical dependencies. 


Conflict of Interest Statement: the authors do not have any conflict of interest. 
All authors have read and approved the final manuscript. 


Received 01.03.2024 
Revised 12.03.2024 
Accepted 25.03.2024 


O6 aemopax: 

Makcum Cepreesuy Eropos, KaHqusaT TeXHH4eCCKHX HayK, JOICHT, 3aBe HOM KabeApon MaTepuanoBeqeHua 
MW TeXHOJOrMM MeTaswI0B JJoHcKoro rocyapcTBeHHOro TexHHYecKoro yHuBepcnteta (344003, P®, r. Poctos-Ha-Jony, 
tim. Darapuna, 1), SPIN-kog: 2126-1642, ORCID, ScopusID, aquavdonsk@mail.ru 


Pumma Bukroposna Eropopa, KaHauyaT TexXHW4ecKHX HayK, JOUeHT, Kaeqphr KuOepOe30racHocTu JJoHcKoro 
TrocyapcTBeHHOTO TexHW4eckoro yHuBepcuteta (344003, P®, r. Pocros-Ha-Jlony, m1. Parapuna, 1), SPIN-Kon: 8182-6940, 
ORCID, rimmaruminskaya@gmail.com 


?KanHa BaagumMuposua Epemeesa, JOKTOp TexXHWYeCKHX Hayk, Ipodeccop KaeApbI NOPOMIKOBOM MeTasyprnu 
uM (@YyHKIMOHaIbHBIX oKppiTui HalwoHambHOrO CcCiIeqOBaTesbCKOTO TeXHHYeCKOrO YHHBepcHuTetTa 
«MUCHO» (P®, r. Mocksa, JlenwHckuii mp. 4.4., crp. 1) SPIN-kom: 8182-6940, ORCID, ScopusID, ResearcherID, 


eremeeva-shanna@yandex.ru 


3aAGNeHHbIU BKIAO aemopoe: 
M.C. Eropop — WopmMupopaHie OCHOBHOM KOHIenIMM, euu uU 3aqauH UCCeqOBaHHA, MpoBeyeHue pacueros, 


TLOQTOTOBKa TeKCTa, cbopMupoBaHne BbIBOJLOB. 
P.B. Eroposa —— Hay4dHoe pyKOBOJCTBO, aHasIN3 Pe3yJIbTaTOB ViccyleqOBaHHi, opa6oTKa TCKCTa, KOPpCKTHPOBKa BbIBOJIOB. 
0K.B. Epemeesa — TNOTOTOBKa oOpa3il0B JIA MccueqOBaHHi Ha CKAaHHPYyFOUIeCM MHKPOCKOIIle, aHaJIN3 Pe3yJIbTAaTOB 


MUKPOCTpyKTypbI H HOCTpoeHHe MaTeMaTH4eCKHX 3aBHCHMOCTe;. 
Kongauxm unmepecoe: aBropbl 3aaBIAIOT OO OTCYTCTBUM KOH(MMKTAa MHTepecos. 
Bce aemopol npowumaau u odobpuau OKOHYaMeNbHbIt BapUaHM PyKONUCU. 


Tlocrynu.ia B pexakunto 01.03.2024 
Tlocrynu.ia nocse peensupospanna 12.03.2024 
Ipunsara k nyOsnKanun 25.03.2024 


Chemical Technologies, Materials Sciences, Metallurgy 


89 


